The finite element procedure with the unified disturbed state modeling concept presented in Part I, Basaran et al. (1998) 
Introduction
In this paper the finite element procedure, (Part I, Basaran et al., 1998) , is verified against test data and analytical solutions. The verification process is presented in a hierarchical manner, starting from the analysis for the simple linear elastic model and ending with the most advanced thermo elasto-viscoplastic with disturbance model.
Material Constants
Most laboratory tests are performed on Pb40/Sn60 and Pb37/ Sn63 eutectic solder alloy materials; this alloy is commonly used solder material in electronic packaging interconnections (Frear et al., 1994) . In this study, the parameters required in the constitutive model (Part I) for the Pb40/Sn60 solder alloy are determined by using three sets of test data reported by Riemer (1990) , Skipper, Harren, and Botsis (1992) and Solomon (1989) . The procedure for the determination of these parameters and other details are presented by Chia and Desai (1994) and . Here, the constants are stated first and then their values are included with subsequent verifications:
Elastic Constants. Young's modulus E and Poisson's ratio u.
Plasticity Constants. Eqs. (14) and (15), Part I.
Ultimate stress state parameters: Y and/3 Phase change parameter: n Hardening parameters: al, and 77 Bonding stress parameter: R Viscous Constants. F and N (Eq. 24(b) , Part I).
Disturbance parameters, D,, A, and Z (Eq. (1), Part 1).
Applications of Hierarchical Models
The finite element procedure is used to verify various hierarchical versions in the DSC described in Part I (Basaran et al., 1998) . Here, only typical examples are presented. Then, the procedure is applied for the prediction of laboratory test data by Hall (1984) on a surface mount technology package involving a leadless ceramic chip carrier solder (Pb40/Sn60) joined to a printed wiring board. The material constants used below are adopted from Chia and Desai (1994) and .
Elasto-Viscoplastic Model.
The isothermal uniaxial tension experiment data reported by Riemer (1990) is used here to validate this option of the DSC; the displacement controlled tests are performed on the Pb37/Sn63 bulk solder (2 mm × 2 mm × 1 mm) at room temperature (27°C). In the finite element mesh, Fig. 1 , the specimen is fixed along the bottom edge; thus, nodes 1, 2, 3, 4, and 5 are fixed in the x and the y-directions. The material constants used in the analysis are (Chia and Desai, 1994) . E = 23.45 GPa, u = 0.4; y = 8.2 X t0 -4, /3 = 0, n = 2.1, al = 0.24, rh = 0.394, R = 217.47 MPa; F = 1.8, and N = 2.67.
These material constants are for Pb40/Sn60, but the material used in the experiment is Pb37/Sn63. Hence, the constants involve an approximation, yet it is assumed that the effect of the approximation on the results would be small. In this analysis and all other time-dependent viscoplasticity analyses presented in this paper, a variable time step is used with the initial time step of 0.00001 s. In the finite element analysis, the loading is applied in the form of prescribed displacements in the y-direction, Fig. 1 , with increments of 0.0004 mm at each step and with a total of fifteen load steps.
The comparison of the experimental stress-strain data (at 27°C) versus the finite element prediction is shown in Fig. 2 . The plotted finite element results in Fig. 2 are the average axial stresses at the mid-nodes 9, 10, 11, 12, and 13. The results show a good correlation between the test data and the backprediction. The following material constants for Pb40/Sn60 are used:
Thermo Elasto
( 0 ~ -z95. In the finite element analysis, the nodes 1, 2, 3, 4, and 5 are fixed in the x and y-directions, Fig. 3 . The prescribed displacements and the temperature increments are applied in-phase in fifteen displacement steps. The displacement increments of 0.002 mm in the x-direction, Fig. 3 , are applied at nodes 17, 18, 19, 20, and 21 . The temperature is incremented in all elements from 27°C to 100°C, with increments of 4.87°C.
Typical finite element analysis results versus the analytical predictions is shown in Fig. 4 . The analytical solution is adopted from the results given by Pao et al. ( 1991 ) . Figure 4 shows the average shear stress in solder block versus the applied shear strain. The average shear stress is obtained by averaging it at nodes 9, 10, 11, 12, and 13. The difference between the finite element predictions and the analytical results at the peak stress level can be due to the use of different material properties instead of those of the actual material. The actual material is Pb37/Sn63, but in the analysis constants for Pb40/Sn60 material are used. The rest of the curve is predicted very well.
Elasto-Viseoplastie With Disturbance
Model. This version of the DSC is used to backpredict the isothermal experimental results reported by Guo et al. (1992) . The authors studied the isothermal fatigue of a Pb36.37/Sn63.2/Sb0.31 solder. The isothermal fatigue testing was performed under uniaxial total strain control with the total strain range up to 1 percent, In the finite element mesh, Fig. 6 , nodes 1 to 5 are fixed in both the x and the y-directions with all other nodes are flee, and tensile displacements are prescribed at the top. The experiments are conducted at isothermal condition; hence, the material constants used for this analysis are also for the isothermal condition. The elastic modulus used for this analysis is obtained from the unloading portion of the test data (Guo et al., 1992) . Here, at the temperature of 25°C, the elastic modulus E = 15 GPa, and at the temperature of 80°C, it is E = 9 GPa.
The experiment starts from 0.14 percent strain as in Fig. 5 . This strain is the thermal strain (=L A0a), where L is the length of the specimen = 12 mm, A0 is the temperature difference between the room temperature and the temperature at which the total strain of the material is zero; aT is the coefficient of thermal expansion. The total applied strain starting from 0.14 percent is increased up to 1.0 percent. The time period for this ramp loading from 0.14 percent to 1.0 percent total strain is 120 s. After reaching the 1.0 percent total strain it is decreased to zero percent and then brought back to 0.14 percent, which is the strain at the beginning of the test. Fig. 7 (a) shows comparison between the isothermal (25°C) test data and the finite element predictions for the average axial stress versus axial strain, and Fig. 7 (b) shows similar comparison for the isothermal 80°C test. The average axial stress in the finite element analysis is obtained by averaging the axial stresses in the nodal points in the middle of the specimen. The results show that the isothermal uniaxial tension behavior of the material is predicted well. Small differences at the extreme points can be attributed to several causes. The material constants used in the analysis relate to Pb40/Sn60, while the material tested here is Pb36.37/ Sn63.7/Sb0.31. Moreover, Hall and Sherry (1986) reported that the addition of Sb into a solder alloy changes the viscous features of the material. An important feature of this experiment is that it shows how the viscous effects are important for the Pb/Sn solder alloy. A study of the applied total strain history indicates that only tension is applied to the specimen. However, the stress strain behavior indicates that, in addition to tension, the material also experiences compression during the loading (Figs. 7(a) and 7(b)). This behavior can be attributed to the significant viscous effects. Since the applied total mechanical strain is controlled, the material experiences a stress relaxation.
'14 ~ ~bl 9 1.,t3 ., Even though there is no significant hold time, as the material is viscous, it starts relaxing by the time the maximum strain is applied. During unloading, which occurs around 0.9 percent strain, the total axial stress is zero (Figs. 7(a) and 7(b)). Continuing with the unloading and reducing the initial tension, Fig. 5 , introduces compression in the material. This behavior cannot be captured with elasto-plasfic material models without the provisions of viscous effects.
Thermo Elasto-Viscoplastic With Disturbance
Model. In order to verify this version in the disturbed state concept, experimental data by Guo et al. (1992) is used. The material tested is the Pb36.37/Sn63.2/Sb0.31 solder alloy, as in the previous example. The thermomechanical fatigue tests were performed with 120 s ramp times with temperature change from 25°C to 80°C. The total applied strain for these tests consists of two parts: mechanical and thermal. For an in-phase thermomechanical fatigue test from 25°C to 80°C, the initial thermal strain is 0.14 percent, and the total mechanical strain range is, therefore, the total applied strain range minus 0.14 percent. The applied total strain time history is shown in Fig. 5 , and the applied total mechanical strain versus temperature history is given in Fig. 8 . The temperature increments and displacement increments are applied concurrently. The time increment is 1.0 s and the displacement increment is 1/120th of the total displacement applied. The finite element mesh and the boundary conditions for this analysis are depicted in Fig. 6 . The elastic modulus varies with temperature E = 15.2 -65.5 T(°C) (Clech and Augis, 1987; Harper, 1970) . Figure 9 shows the comparison between the test data and the finite element prediction. The average axial stress in the finite element is calculated by averaging the axial stresses at the nodes in the middle of the specimen.
The deviation of the back predictions from the test data may be attributed to the fact that different material properties (Pb40/Sn60) are used to back predict the behavior of the Pb36.37/Sn63.20/Sb0.31 solder alloy in this test. The finite element results do not adequately simulate the spike behavior near the zero strain. This behavior may have been due to an experimental error. This can be surmised because similar tests, such as the one reported by Hall and Sherry (1986) , do not exhibit such a spike. The authors, Guo et al. (1992) , however, suggest that the spike near zero may be due to a strain rate effect on the flow stress of the solder material. The temperature variation of the material properties is yet another source of error, with Young's modulus being an influential material constant. A number of temperature variations were considered, and the one used in this study is defined by calculating the elastic modulus from the isothermal stress-strain curves (at 25°C and 80°C) and by using a function reported by Clech and Augis (1987) and Harper (1970) . Here, although there are differences between predictions and test data, the areas under the stress-strain curves are almost the same. As the free energy of a system is defined by the area under the stress-strain curve, it can be said that the free energy of the system is represented accurately in the finite element simulation.
Thermo
Elasto-Plastie Analysis.
The. strain controlled uniaxial extension test data on Pb37/Sn63, as reported by Riemer [ 1990 ] , is back predicted using this material model. The dimensions of 2 mm × 2 mm X 1 mm are assumed. The finite element discretization is shown in Fig. 1 .
In the finite element analysis, the prescribed displacement increments are 0.0004 mm and are applied at nodes 17, 18, 19, 20 , and 21 in the y-direction. The displacements are incremented until the total strain in the material has reached 0.3 percent. The comparison of the axial stresses obtained by the experiment and the finite element analysis are given in Figs. 10(a) and 10(b) for -65°C and 100°C, respectively. The finite element analysis results compare very well with the test data. When comparing the results for the two different temperatures, we notice that the material behavior is almost elastic continuously hardening at -65°C but the material becomes elastic perfectly plastic at 100°C. The ultimate stress of this material, Pb/Sn, is obviously dependent on temperature. Overall, the above show that the DSC is capable of characterizing the material behavior in all regions of the stress-strain 
I-L =1
= coefficient of thermal expansion H = height of the solder joint L = distance from the center to the center of solder joint Fig. 11 Schematic section of a leadless ceramic chip carrier (LCCC) solder a~ached to a printed wiring board (PWB), after Hall and Sherry
Hose)
relationship through a wide range (-65°C to 100°C) of temperatures.
Finite Element Analysis Of A Surface Mount Package
The foregoing presented validations of various versions of the DSC with respect to finite element analysis of laboratory tested specimens. Now, validation of a practical laboratory test reported by Hall (1984) and Hall and Sherry (1986) of an 84 I/O, 0.64 mm pitch leadless ceramic chip carrier (LCCC) which is mounted on a printed wiring board (FR4, polymide epoxy glass) by a Pb40/Sn60 eutectic solder joint is considered. The tested assembly is depicted in Fig. 11 . Because of the symmetry of the structure, only one half of the system is considered. The package shown in Fig. 11 was subjected to temperature cycling between -25°C and 125°C, Fig. 12 . The finite element discretization of the package, assuming plane strain idealization, is given in Fig. 13 . In the finite element analysis leadless ceramic chip carrier and the printed wiring board are modeled as elastic materials. The solder joint is modeled with thermo elasto-viscoplastic with disturbance version of the DSC. The material parameters are the same as in previous examples and the relation between elastic modulus and temperature is adopted as: E = 15.2 -65.5 T (°C).
Comparison of the finite element results versus the test data for the temperature cycle is shown in Fig. 14 shown is the figure is the average shear stress calculated at the middle of the solder joint. Overall, the results show a good correlation; the main difference is that above 100°C the experiment results show near zero shear stress. On the other hand, the experimental results that were used to obtain the material constants, Riemer (1990) , indicate that the material does carry stresses at and above 100°C. One of the reasons for this difference is that the tests that were used to obtain the material constants were conducted on bulk solder specimen whereas the size of the solder joint in the package analyzed is at microscale. As some authors have shown, e.g., Hall and Sherry (1986) , the behavior for bulk specimen is different from that for a solder joint with relatively few grains of solder.
Growth of Disturbance and Fatigue Failure. In this analysis, the finite element results were also compared with observed shear stress versus temperature data and for growth of disturbance (microcracking and damage) and the number of cycles to fatigue failure. In the case of the latter, the propagation of disturbance was compared with accumulated energy during cycling loading, and the critical disturbance De, at which fatigue failure occurred, was compared with corresponding critical energy. It was found that the critical Dc (about 90 percent) was reached at computed cycles between 350 and 400, which compared well with the observed value of cycles to fatigue failure = 346 reported by Hall (1984) and Hall and Sherry (1986) . Details of these analyses are given elsewhere (Basaran and Desai, 1994-Part I; .
Conclusions
The finite element results presented herein show that the DSC constitutive models can characterize the thermomechanical behavior of materials and interfaces satisfactorily. Unfortunately, test data for Pb-Sn solder used in the examples were not avail- Transactions of the ASME able. Hence, the available test data for Pb40/Sn60 solder were used to obtain the material constants. This assumption may be responsible for the deviation of the finite element predictions from the experimental data. Another difficult aspect in the selection of the material properties is the elastic modulus. Values ranging from 12 GPa to 49 GPa have been reported for Pb40/ Sn60 in the literature. This is due to the fact that the elastic modulus is dependent upon the test conditions, the load application rate, and the manufacturing process of the solder alloy and possibly grain size. The analysis is sensitive to the value of the elastic modulus, e.g., a small change in elastic modulus (about 10 percent) can cause a significant change in the finite element analysis results, even though the qualitative behavior stays the same. Therefore, it is desirable to perform required tests on materials so as to find relevant parameters for use in the finite element analysis. In spite of the above problems, results from the finite element back predictions show that both quantitative and qualitative trends of the behavior are back predicted satisfactorily. This is believed to be due to the fact that the disturbed state concept material model is able to characterize the microstructural behavior accurately. One important strength of the DSC is that in the cyclic behavior, the area inside the stress-strain curve, which is strain energy of the system, is well simulated. This is a significant and essential feature for thermal cycling simulation of boundary value problems.
The study also shows that due to the highly viscous nature of Pb/Sn solder alloys, the elasto-viscoplastic formulation is a better characterization for a Pb/Sn solder than the elasto-plastic model. This statement is supported by the finite element analysis of the uniaxial extension tests conducted by Guo et al. (1992) . Even though only tension is applied on the specimen, it still experiences tension and compression at different stages of the test. This simulation would not have been possible had we used elasto-plastic material model.
It may be mentioned that there are a number of models proposed for characterizing behavior of materials and interfaces; in most cases the validations are obtained for test data that were used to determine the material constants. However, this may not be sufficient as the proof of a constitutive model, and additional validations for independent tests that were not used to find the constants are needed. In this paper, Chin and Desai (1994) , and Desai et al. (1995) , it is shown that the DSC models are capable of predicting the behavior of both the test used and not used to find the constants.
Finally, the finite element procedure with the hierarchical DSC models provides the user to adopt simple (elastic) to thermoelasto-viscoplastic with disturbance model depending upon the specific application need. Thus, the proposed procedure can provide a unified and powerful means for design and analysis of problems under thermomechanical loading.
